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Introduction
Smoking is a major societal concern, with one out of every five deaths in the United States resulting from health-related less sensitive to the aversive properties of nicotine and nicotine withdrawal [10, 13, [22] [23] [24] [25] [26] . Thus, adolescence is a critical period of increased vulnerability to develop nicotine addiction.
Social interaction during adolescence fosters healthy development and appropriate social behavior in adulthood in humans and rodents alike [27] [28] [29] [30] [31] [32] [33] . In rodents, social interaction functions as a robust natural reward, as measured by both operant [34] [35] [36] [37] [38] and classical conditioning paradigms [12, [39] [40] [41] . Pro-social interactions exert a substantial influence on drug-related behaviors largely by increasing the rewarding and reinforcing effects of the drugs themselves (see [42, 43] for review). For instance, our lab has previously found that social interaction enhances both nicotine and cocaine CPP [12, 44] . Additionally, the presence of a conspecific also enhances stimulant self-administration [45] [46] [47] . Given that social reinforcement such as 'group membership' and 'peer encouragement' are cited as the most prevalent reasons for initiation of smoking and tobacco use among adolescents and young adults [48] [49] [50] [51] [52] , the initial aversive physiological reactions to cigarettes (i.e., coughing, nausea and vomiting) may be overpowered by the strong rewarding and reinforcing effects of social interaction.
The modulatory role social interaction plays in the initial drug experience is crucial for understanding neural processes involved in the development of nicotine addiction. Both nicotine and social reward each independently activate mesocorticolimbic pathways [53] [54] [55] [56] [57] [58] ; however, little is known about the neural mechanisms involved in processing both stimuli together. A useful approach for addressing this gap in knowledge is to examine immediate early gene expression, which has been widely used as a functional marker of neuronal activation in response to drug-and drug-associated stimuli [59] [60] [61] [62] [63] .
In the present study, male adolescent rats were conditioned with nicotine and/or social stimuli using previously established experimental parameters from our laboratory [12] . We then used Fos protein expression to examine the neural circuitry involved in the combination of social and nicotine rewards and their rewardassociated environments. Our significant effects from Experiment 2 were later examined and confirmed using another immediate early gene, Zif268 (i.e., EGR1). We hypothesized that nicotine and social reward stimuli, as well as exposure to the respective reward-associated environment, would elicit a more robust increase in functional activation within the cortical, striatal, and limbic circuitry when presented in combination than when presented individually.
Methods

Animals
Male Sprague-Dawley rats (Charles River, San Diego, CA) (N = 130) arrived at Arizona State University on postnatal day (PND) 22 (i.e., 22 days old) for both experiments. They were individually housed in a climate-controlled facility with a 12-h light/dark cycle (lights on at 7 PM) with ad libitum access to food and water. Housing and care were conducted in accordance with the 8th ed. Guide for the Care and Use of Laboratory Animals [64] . All experiments were conducted within a conservative estimated timeframe of rodent adolescence: PNDs 28-42 (Spear 2000) . Prior to baseline testing, animals were acclimated to handling for 9-11 days. On each of these days, rats were handled for at least 2 min/day.
Drug preparation
(−)Nicotine hydrogen tartrate (Sigma, St. Louis, MO) was dissolved in 0.9% sterile saline and the pH was adjusted to 7.2. All injections were given subcutaneously (s.c.) at a volume of 1 mL/kg. Dose is reported as nicotine base.
Apparatus
Conditioning took place in rectangular Plexiglas chambers as previously described [65] . Each chamber contained a removable solid partition that separated the chamber into two equal-sized compartments, each measuring 35 × 24 × 31 cm high. One compartment had corncob bedding beneath a wire 1 × 1 cm grid floor and alternating black and white vertical stripes on the walls. The other compartment had pine-scented bedding beneath a parallel bar floor (5 mm diameter) and alternating black and white horizontal stripes on the walls. On the pre-and post-conditioning test days, the removable center partition of the apparatus was replaced by a similar partition that contained an opening in the center (28 × 6 cm), allowing the rats free-access to the adjacent compartments simultaneously. A rectangular tower measuring 70 × 24 × 74 cm high of clear Plexiglas was used as an extension of the apparatus to prevent the rats from escaping from the chamber while maintaining the ability to record their behavior via an overhanging video camera. The conditioning room was dimly lit with two overhead lamps, each containing a 25 W light bulb providing equal light distribution for each conditioning chamber. Unpublished data from our laboratory established that adolescent and adult experimentally naïve rats showed no preference for a particular compartment (i.e., unbiased apparatus). A camera (Panasonic WV-CP284, color CCTV, Suzhou, China) used to record testing sessions was mounted 101 cm above the center of the apparatus. A WinTV 350 personal video recorder (Hauppage, NJ, USA) captured live video and encoded it to MPEG streams. A modified version of TopScan Software (Clever Sys., Inc. Reston, VA, USA) used the orientation of an animal's body parts to track its location, which yielded measures of time spent in each compartment.
Baseline preference
On the first day of the procedure (see Fig. 1A for timeline), rats were placed individually into their assigned CPP apparatus where they had free access to both compartments for 10 min in order to habituate them. This procedure was repeated across the next 2 consecutive days with the starting compartment counterbalanced across days and the time spent in each compartment recorded to assess initial baseline preference. Time in a particular compartment was determined by the software based on the location of the rat's head. Time spent in each compartment was averaged across the two baseline tests to determine each rat's initial side preference. Rats that failed to demonstrate at least five compartment crossovers during either baseline day were excluded from the experiments due to inadequate environmental exploration; however, they were assigned as a physical play partner for experimental rats when initial preferences and body weights did not allow for pairing experimental rats together.
Conditioning and testing
During conditioning sessions in both Experiment 1 and 2, rats were confined either to the initially non-preferred side of the apparatus for 10 min with their assigned unconditioned stimulus (US; i.e., partner rat and/or nicotine) or were confined in the initially preferred side of the apparatus with no US. The initially non-preferred side of the apparatus served as the conditioned stimulus (CS + ) that was exclusively paired with the US and the initially preferred side of the apparatus served as the conditioned stimulus (CS-) that was never paired with the US; these session types alternated. For CS + -US pairings, rats received either saline (Sal) or nicotine (Nic; for Experiments 1 and 2 where rats were given 2 conditioning sessions with their assigned unconditioned stimulus (CS+) in their initially non-preferred side of the conditioning place preference (CPP) apparatus, 2 conditioning sessions in the absence of their unconditioned stimulus (CS−) on their initially preferred side, and 2 conditioning sessions in the alternate environment (Alt) with exposure to the unconditioned stimuli that they had not received during CS+ conditioning sessions. (B) Conditioning procedures in the initially preferred, initially non-preferred, and alternate environments. Two conditioning sessions took place in each environment for 10 min each, occurring over 2 or 4 consecutive days. One session took place in the initially preferred side of the apparatus (CS−), during which the rat was alone and received a saline vehicle (S; Sal) injection. Another session took place in the initially non-preferred side (CS+), during which the rat received exposure to the assigned unconditioned stimulus (US). US conditions included either nicotine (N; Nic) or saline (S; Sal) experienced either during isolation (Iso) or in the presence of an age-, sex-and weight-matched social partner (Soc). The final session took place in the alternate environment (Alt) in a separate location from the CPP conditioning chambers. In the alternate environment, rats received whichever US they had not received in their initially non-preferred side in order to control for total reward exposure for Fos and Zif268 protein expression. 0.1 mg/kg/mL, s.c.) and were immediately confined to their initially non-preferred compartment of the chamber either while socially isolated (Iso) or with a social partner (Soc) resulting in 4 groups: (1) Nic + Soc; (2) Nic + Iso; (3) Sal + Soc and (4) Sal + Iso. Sociallyconditioned rats were assigned to pairs that were matched for initial compartment preference and body weight within 10 g. All rat partners were unfamiliar with each other prior to conditioning, but remained constant throughout conditioning. All groups received saline and were immediately confined to their initially preferred side alone during their CS-session (no US). Rats also received 10-min sessions during which they were placed into an alternate environment to allow for equal exposure to the rewards across all groups. Thus, rats received exposure to reward(s) that they had not received during conditioning, so that all groups received identical amounts of nicotine and social reward exposure and only the timing and location varied (see Fig. 1B ). The alternate environment was an opaque plastic container measuring 34 × 22 × 26 cm high with sani-chip bedding covering the plastic bottom and a perforated blue plastic top to prevent escape while allowing for ventilation.
It was located in a separate room away from the dedicated CPP conditioning room.
For Experiment 1 (n = 40), conditioning took place over 2 consecutive days on PNDs 38-39 ( Fig. 1A) . Each conditioning session type (i.e., CS+, CS-and ALT sessions) occurred on the same day, repeated across 2 consecutive days. The order of the session type was counterbalanced across animals and 6 h intervened between the CS+ and CS-sessions. The ALT sessions occurred at least 2 h after the last CS conditioning session. Rats were given a 10-min place preference test the following day and then were once again returned to their home cages. They were sacrificed 90-min after their CPP expression test as described below. The 90-min time point was chosen for optimal stimulus-induced Fos protein expression [66] .
For Experiment 2 (n = 80), conditioning took place over 4 consecutive days on PNDs 36-39 (Fig. 1A) . The CS+ and CS-sessions occurred on separate days. The CS+ sessions occurred on the first and fourth day of conditioning to allow the brains to be harvested after the last CS+ session. The CS-and ALT sessions occurred on the second and third day of conditioning. Thus, each rat received only 2 exposures to each of the environments. All rats were placed back into their home cages and either sacrificed 90-min following the end of the last CS+ session to investigate Fos and Zif268 expression in response to US exposure (n = 40) or remained in their home cages until the following day for a 10-min place preference test (n = 40) to verify establishment of CPP in this experiment.
Tissue preparation
Ninety min following the last CS+ conditioning session or CPP expression test, rats were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.). Approximately 200 mL of ice-cold 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 250 mL of ice-cold 4% paraformaldehyde in PBS was perfused through the circulatory system transcardially. Brains were removed and post-fixed in 4% paraformaldehyde for ∼24 h and then transferred to 15% and 30% sucrose for ∼24 h each. The brains were then sectioned using a microtome (Microm International, Walldorf, Germany) connected to a filtered water freezing stage (Physitemp, Clifton, NJ). Serial coronal 40-m sections were collected, separated by 160 m, centered at anatomical locations +1.6, −2.56, and −5.6 mm relative to bregma [67] . The tissue sections were then placed in 0.02 M PBS cryoprotectant solution comprised of 30% sucrose, 10% polyvinyl pyrrolidone, and 30% ethylene glycol and stored at 4 • C.
Immunohistochemistry
Immunohistochemistry was carried out as previously described [60] . Briefly, free floating tissue sections were first washed in 0.1 M PB (9 × 10 min). The tissue was next incubated for 30 min in 1% H 2 O 2 and followed by incubation for 30 min in 0.1 M PB containing 3% normal goat serum (NGS) (Vector Laboratories, Burlingame, CA, USA). The tissue was then incubated for 72 h at 4 • C with either anti-Fos rabbit polyclonal antibody (1:2000; sc-52, Santa Cruz Biotechnology, Santa Cruz, CA) or anti-EGR1 rabbit polyclonal antibody (1:2000; c-19, Santa Cruz Biotechnology, Santa Cruz, CA), diluted in PBH solution containing 2% NGS, 0.1% bovine serum albumin (Sigma, St. Louis, MO, USA, #A9647) and 0.2% Triton X-100 (Sigma, St. Louis, MO, USA). Following incubation, tissue sections were washed in 0.01 M PB (3 × 10 min) and then incubated for 1 h in biotinylated goat anti-rabbit IgG antibody (Vector Laboratories), diluted 1:500 in PBH solution. The tissue was then washed in 0.01 M PB (3 × 10 min) and then incubated for 90 min in avidin-biotinylated horseradish peroxidase complex (ABC Elite Kit; Vector Laboratories) diluted 1:1000 in PBH. The sections were again washed in 0.1 M PBS (9 × 10 min) and incubated for 20 min in 0.1 M PB containing 0.02% 3,3 -diaminobenzidine (DAB; Sigma), 2% nickel ammonium sulfate, 20% d-glucose, and 0.4% ammonium chloride. Immunoreactivity was visualized with glucose oxidase (1 L/mL) for 10 min and then the tissue was washed with 0.01 M PB (6 × 10 min). Stained tissue sections were immediately mounted onto gelatin-coated slides, air-dried, and dehydrated before cover slipping. Fig. 2A illustrates the brain regions analyzed [67] . Sections taken at +1.6 mm contained the Cg1 and Cg2 regions of the anterior cingulate cortex, the dorsal lateral (dlCPu) and dorsal medial caudate putamen (dmCPu), nucleus accumbens core (NAcC) and shell (NAcSh); sections taken at −2.56 mm contained the medial amygdala (MeA), central amygdala (CeA), and basolateral amygdala (BLA); and sections taken at −5.6 mm contained the ventral tegmental area (VTA). Fos and Zif268 immunoreactivity was examined using a Nikon Eclipse E600 (Nikon Instruments, Melville, NY) microscope set at 20 × magnification. A range of 4-10 bilateral sample areas were counted per region of interest for each subject (i.e., 1 sample area/2 hemispheres/5 sections maximum), depending on tissue quality and preservation. Fos and Zif268 immunoreactivity were identified by a brown-black oval-shaped nucleus distinguishable from background (see Fig. 2B , C) and quantified using Image J software (U.S. National Institutes of Health, Bethesda, MA) by an observer blind to treatment conditions. Counts were averaged per subject for each region to provide a mean number of immunoreactive nuclei per sample area (0.26 mm 2 ).
Immunoreactivity analysis
Data analysis
CPP was operationally defined as a significant increase in time spent in the initially non-preferred side (i.e., US-paired side) on the post-conditioning test relative to the average of the preconditioning tests (i.e., baseline), with more than half of the total test time (i.e., >300 s) spent in the US-paired side. For each experiment, time spent in the initially non-preferred side of the CPP apparatus was analyzed using a mixed-factor ANOVA with Day (baseline vs. test day) as a within-subjects factor and Drug (saline vs. nicotine), and Social Condition (isolation vs. social partner) as between-subjects factors. Significant interactions were further analyzed using smaller ANOVAs and tests of simple effects. Additionally, comparisons of interest to examine hypotheses regarding preference for nicotine and/or a social partner (i.e., Nic + Soc, Nic + Iso, and Sal + Soc) compared to negative controls (Sal + Iso) were analyzed using student t-tests with Bonferroni correction for multiple comparisons (alpha level/number of comparisons). Fosand Zif268-positive nuclei were analyzed using two-way ANOVAs with Drug (saline vs. nicotine) and Social Condition (isolation vs. social partner) as between-subjects factors. Significant interactions were further analyzed using tests of simple effects.
Results
Conditioned place preference
The CPP results for both experiments are shown in Fig. 3 . For Experiment 1, the ANOVA of time spent in the initially nonpreferred side revealed a main effect of Day (F(1,36) = 90.78, p < 0.001), a main effect of Drug (F(1,36) = 9.10, p < 0.01) and a Day × Drug interaction (F(1,36) = 8.81, p < 0.01). Post-hoc simple effects tests revealed that the Day × Drug interaction was due to an increased amount of time spent in CS+ side on test day in nicotine-conditioned groups relative to their saline-conditioned counterparts (p < 0.01), whereas there were no differences on baseline tests. All groups, with the exception of the Sal + Iso negative control group, spent >50% of the time on the CS+ on test day (Fig. 3A) . However, post-hoc comparisons of interest revealed that only the Nic + Iso and Nic + Soc groups spent significantly more time in the CS+ side on test day relative to the Sal + Iso group (p < 0.0167, Bonferroni correction). For Experiment 2, the ANOVA of time spent in the CS+ side revealed a main effect of Day (F(1,36) = 35.32, p < 0.001), a main effect of Social Condition (F(1,36) = 6.38, p < 0.05) and a significant Day × Social Condition interaction (F(1,36) = 90.78, p ≤ 0.05). The only group to exhibit significant CPP was the Nic + Soc group (Fig. 3B) , where post-hoc comparisons of interest revealed that only this group spent significantly more time in the CS+ side on test day relative to the Sal + Iso group (p < 0.0167, Bonferroni correction).
Immunohistochemistry
Experiment 1: exposure to conditioned environmental stimuli
The means of Fos-labeled cells for each group in each brain region are shown in Table 1 . For rats that were sacrificed fol- and 20 × (below) magnification in the nucleus accumbens shell (NAcSh) demonstrating Fos (B) and Zif268 (C) protein labeling (black arrows) in representative rats that were sacrificed following the last US exposure from the saline + isolated and nicotine + social conditions. Scale bar is equal to 100 m. a.c. = anterior commissure. significant trend toward a main effect of nicotine was observed in the Cg1 (F(1,36) = 3.64, p = 0.06), where nicotine appeared to increase Fos expression relative to saline, regardless of social condition. No effects for Fos expression were observed in any other brain region analyzed (Table 1) .
Experiment 2: exposure to social and drug unconditioned rewards
For rats that were sacrificed following the last US conditioning session in Experiment 2, both social condition and nicotine influenced Fos and Zif268 protein expression (see Fig. 4A -D, and Table 1 (Fig. 4A) . Only a non-significant trend towards a main effect of Social Condition was observed in the Cg1 (F(1,36) = 3.78, p = 0.06). We found a similar social-induced increase in Zif268 expression ( Fig. 4B) There was also a main effect of Drug Condition for Fos expression in the Cg1 (F(1,36) = 13.69, p < 0.001), Cg2 (F(1,36) = 9.56, p < 0.01), dlCPu (F(1,36) = 4.88, p < 0.05), and the NAcC (F(1,36) = 5.81, p < 0.05), where nicotine-conditioned groups exhibited decreased Fos expression relative to saline-conditioned groups, regardless of social condition (Fig. 4C) . We observed a similar nicotine-induced decrease in Zif268 expression ( Fig. 4D ) in the Cg1 (F(1, 29) = 3.20, p < 0.05, one-tailed), Cg2 (F(1, 29) = 2.64, p ≤ 0.05, one-tailed) and the dlCPu (F(1, 29) = 7.66, p < 0.01).
Experiment 2: interactive effects of social and drug unconditioned rewards
Significant Drug × Social Condition interactions were observed in rats from Experiment 2 for Fos expression (Fig. 5A, B) 
Discussion
The results demonstrate that the conditioned and unconditioned effects of nicotine and social rewards produce complex changes in immediate early gene expression in adolescent male rats. While we found few significant changes in response to the reward-conditioned environment, we found that direct exposure to social and nicotine rewards produces bi-directional activation of several reward-related brain regions, where social stimuli increased and nicotine decreased IEG expression. Furthermore, nicotine reduced IEG expression in several brain regions and this effect was reversed when nicotine was experienced in combination with a social partner. Collectively, these results suggest that low doses of nicotine may blunt activation of reward-related pathways, but social stimuli can consistently activate and even reverse the blunted activation of these pathways. These findings give insight into the neural circuits involved in the initial rewarding effects of smoking in the presence of social peers during adolescence.
Our CPP findings demonstrated that only 2 exposures to nicotine alone or in combination with a social partner produce robust CPP in adolescent male rats when US conditioning sessions occurred in close temporal proximity (i.e., over 2 consecutive days; Experiment 1); however, only the combination of nicotine paired with a social partner elicited robust CPP when the time between US conditioning sessions was extended (i.e., 2 days intervening; Experiment 2). The robust conditioning of nicotine observed in Experiment 1 was surprising because we previously found that the conditioning parameters used here were sub-threshold for establishing CPP with either nicotine or social reward alone [12] ; however, one key difference across studies was the conditioning apparatus used. The present study used conditioning chambers adapted for use with smaller rodents that differed in olfactory, tactile, and visual cues from the chambers used in our previous study, and these changes likely altered the sensitivity for establishing CPP. CPP procedures are susceptible to ceiling effects, where CPP expression may appear equal even when the reward strength of the US varies as shown by using different conditioning parameters [12, 65, [68] [69] [70] . The extended time between US conditioning sessions in Experiment 2 compared to Experiment 1 likely produced weaker conditioning, such that once again the parameters were sub-threshold for establishing CPP with either nicotine or social reward alone.
Our neurochemical findings revealed that Fos protein expression patterns varied considerably when animals were expressing CPP (Experiment 1) versus experiencing the US (Experiment 2). Contrary to our predictions, the only effect observed following CPP expression testing was in the NAcC where rats that were socially conditioned exhibited less Fos relative to their isolated counterparts, regardless of whether they received nicotine or saline. These findings were surprising given that nicotine experienced with or without a social partner produced CPP (Fig. 3A) and previous research has shown an increase in Fos upon exposure to environmental cues associated with nicotine reward [71, 72] . The lack of increased Fos in nicotine-conditioned animals in the present study may have been due to a 'cancellation effect' since rats were exposed to both the CS+ and CS-environments during the CPP test. In any case, the decrease in Fos in the NAcC of social-conditioned groups ( Table 1 ) may have been due to violation of reward expectation. Previous studies have found that the reward circuitry, particularly the NAc, is heavily involved in processing incentive stimuli [73, 74] , incentive learning [75, 76] , and reward prediction errors (i.e., expectation of reward is violated) [77, 78] including prediction errors associated with social reward [79] [80] [81] [82] . Since exposure to conspecifics is a highly salient reward in adolescent rats, being alone in the previously social-paired side of the chamber on test day may have resulted in prediction-error effects leading to a decrease in Fos expression in the NAcC.
In contrast to the limited effects of environmental cues on Fos expression during the CPP test in Experiment 1, Fos expression in response to the last US exposure in Experiment 2 was altered in several of the regions analyzed. Three distinct patterns emerged, where (1) social-conditioned rats exhibited elevated IEG expression in the dorsolateral CPu (dlCPu), the nucleus accumbens core and shell (NAcC and NAcSh), and the medial and central amygdala (MeA, CeA) relative to isolated rats (Fig. 4A ), (2) nicotine-conditioned rats exhibited less Fos in the anterior cingulate of the medial prefrontal cortex (Cg1, Cg2), dlCPu, and the NAcC relative to saline-conditioned rats (Fig. 4C) , and (3) nicotine-conditioned and social-conditioned rats exhibited less Fos in the ventral tegmental area (VTA) and basolateral amygdala (BLA) than both saline-conditioned and nicotine + social-conditioned rats (Fig. 5A, B) . These neurochemical interactions suggest that the synergistic interaction of nicotine and social rewards does not necessarily involve stronger activation of a common part of the corticolimbic circuitry. Given that this is contrary to our hypothesis, we chose to measure expression of another IEG, Zif268, and found that the results were largely the same as those observed for Fos ( Figs. 4 and 5 , Table 2 ).
The elevated Fos and Zif268 expression after social exposure in corticolimbic regions is consistent with previous reports demonstrating that these regions are involved in processing social information. For example, c-fos mRNA is increased in the dorsal and ventral striatum and the lateral amygdala after brief (i.e., 15 and 30-min) social exposure in juvenile rats [57, 58] . In adolescent rats, a 60-min social exposure induced Fos protein expression in the basolateral and central amygdala, but this effect was not present in adult rats, suggesting that changes in the amygdala may be agedependent [56] . The amygdala and striatum are likely involved in social play for non-human primates [83] . Similarly, the amygdala appears to be necessary for normal prosocial behavior in rodents [ [84] [85] [86] [87] and exhibits changes in c-fos expression after play behavior [88] . Contrary to our predictions, we observed less Fos and Zif268 expression in the Cg1, Cg2, dlCPu, and NAcC in nicotine-conditioned rats relative to saline-conditioned rats in Experiment 2. These results are inconsistent with previous findings that have shown acute nicotine administration increases Fos protein and mRNA expression in the cingulate cortex [53] [54] [55] 89] , dorsal striatum [53] [54] [55] , and ventral striatum, particularly NAcC [53] [54] [55] 71, 89, 90] . However, one study reported decreased c-fos and zif268 expression in the frontal cortex, basolateral amygdala and the hippocampus of the mouse brain in response to a high dose of nicotine (1.0 mg/kg, i.p.) [91] . The reason for these discrepancies is unclear but may be due to the dose of nicotine used and/or age at the time of exposure. All but one of these studies utilized adult rats [53] and all of the reported studies administered a higher nicotine dose that was at least double (i.e., 0.21-0.5 mg/kg) the nicotine dose used in the present study, suggesting that Fos and Zif268 expression may be sensitive to age and dose effects.
The c-fos gene is transiently expressed as part of intracellular signaling in response to a variety of stimuli and its induction diminishes with repeated exposure to a given stimulus [92] . Since we administered nicotine twice in the present study, it is possible that the repeated exposure diminished nicotine-induced c-fos induction. However, this explanation seems unlikely because the ability of pharmacological stimuli to induce c-fos after repeated administration usually recovers within a few days, and therefore we spaced the 2 exposures in this experiment 72 h apart. Zif268, on the other hand, can be expressed at relatively high basal levels (Fig. 2C) , where experimental manipulations can produce both increases and decreases in expression [93] . Since both Fos and Zif268 protein expression were reduced, the results suggest these regions exhibit reduced activation in response to nicotine. Another possibility is that nicotinic acetylcholine receptors (NAChRs) underwent rapid desensitization after the second nicotine exposure causing less activation of intracellular signaling, resulting in low levels of Fos and Zif268 expression compared to saline controls [94, 95] . However, this too seems unlikely because we used a low dose of nicotine. Finally, social interaction can reduce expression of Fos and Zif268 that is normally induced by drugs of abuse. For example, when social conditioning competes with an already established preference for cocaine, decreases in FosB and Zif268 have been found in several regions including the accumbens, amygdala and VTA [96] [97] [98] . However, this is unlikely the reason for the decrease in Fos and Zif268 by nicotine since decreases were also observed in rats not exposed to a social partner. Despite the unexpected decrease in Fos and Zif268 expression after nicotine administration, these data appear to be orderly and the changes observed were regionspecific rather than nonspecific across all brain regions; therefore, it is unlikely the changes observed are spurious.
Interestingly, the patterns of Fos and Zif268 expression in Experiment 2 were similar in the BLA, VTA, and dlCPu, where nicotine, and to a lesser extent social stimuli, reduced Fos and Zif268 expression relative to controls (i.e., Sal-Iso), and surprisingly rats conditioned with both nicotine and social rewards exhibited similar levels of expression as the controls. Social isolation is a robust stressor, which is known to activate the HPA-axis [99, 100] and the BLA [101] [102] [103] . Thus, Fos and Zif268 expression in Sal + Iso controls may be indicative of isolation-induced stress reactivity rather than serving as a neutral baseline for comparison as intended. Moreover, controls underwent the same procedure at the same time as rats that received a social and/or nicotine US. Therefore, hearing rats playing in adjacent chambers may have been stressful for the controls. Indeed adolescent rats are prosocial [28, 30, 31] and highly motivated to seek-out and approach conspecifics [12, 36, 41, 44] . In fact, social motivation increases the more socially-deprived a rat becomes [33, 104] ; therefore, the controls were likely in a state of high social motivation during CS+ conditioning sessions. This may have produced frustration stress due to the inability to interact with a partner, resulting in increased Fos and Zif268 in the BLA, VTA, and dlCPu. On the other hand, rats conditioned with both social and nicotine rewards were likely having a more intense rewarding experience relative to the rats conditioned with only one of these rewards, resulting in elevated Fos and Zif268 levels in the Nic + Soc group relative to Sal + Soc and Nic + Iso groups.
In conclusion, the results from Experiment 1 suggest that the nucleus accumbens core may be particularly sensitive to processes involved in incentive motivational effects of exposure to environmental stimuli previously associated with social rewards in adolescent male rats. Experiment 2 replicated our previous behavioral findings of a synergistic interaction between nicotine and social rewards in adolescent male rats [12] . However, the patterns of Fos and Zif268 expression observed in Experiment 2 contrasted markedly with our prediction that the combination of social and nicotine rewards would produce more robust activation relative to either reward given alone. While we did find that social conditioning, regardless of drug treatment, increased Fos and Zif268 expression in amygdala and striatal regions, nicotine with or without a social partner decreased expression in the anterior cingulate cortex and striatum. These patterns suggest that social and nicotine exposure uniquely alter intracellular signaling within cortical and limbic regions. Interestingly, we found that Fos and Zif268 expression was elevated in our nicotine + social and control groups relative to our single US groups (nicotine + isolated and saline + social) in the BLA, dlCPu, VTA. We suggest that different mechanisms are involved, where potential isolation stress effects may be responsible for the elevation of IEG expression in controls, whereas increased reward strength may be responsible for the elevation in the nicotine + social group. Taken together, these data are useful for formulating testable hypotheses regarding neural mechanisms of synergistic effects of social and nicotine reward exposure versus stress and anxiety associated with unmet need for social reward. The findings from the present study highlight the significance for understanding the influence of social context on nicotine rewarding effects.
